A flow system for electrochemical separation and detection of ions was constructed by connecting two oil/water (O/W)-type flow cells, in which a long polarizable O/W interface was formed at the inner surface of a porous poly(tetrafluoroethylene) (PTFE) tube. Using this system, acetylcholine and choline ions, whose ion-transfer potentials are different by only 60 mV, could be separated and determined simultaneously. It was thus shown that the present flow system is promising for the electrochemical flow separation/detection of ions and, in principle, also for electrochromatographic separation of ions.
introduction
Ion-transfer voltammetry using a polarized oil/water (O/W) interface is promising for the detection of electroinactive ions at solid (or metal) electrodes. [1] [2] [3] [4] So far, a variety of flow cells with the O/W interface have been used as amperometric detectors in several flow measurements, which include flow-injection analysis, high-performance liquid chromatography, and capillary zone electrophoresis. [5] [6] [7] [8] [9] [10] However, they are all designed to detect the ion-transfer current due to partial "electrolysis" of the sample aqueous solution, i.e., the transfer of an ion from W to O. In a previous study of our group, 11 an O/W-type flow cell was developed, which enabled complete electrolysis for the transfer of an ion at the O/W interface. In the construction of the flow cell, a poly(tetrafluoroethylene) (PTFE) membrane filter was employed to prepare the O/W interface formed over a thin channel (0.1-mm thick, 48-cm long). Recently, Yoshizumi et al. 12 developed another type of flow cell for complete electrolysis, which was easier to prepare than the previous one. The flow cell was composed of a porous PTFE tube (1.0-mm inner diameter, 50 cm-long) and a silver wire (0.8-mm diameter) inserted into the PTFE tube. The W phase containing an ion of interest was flowed through a narrow gap between the tube and the silver wire, and the ion was completely electrolyzed, or, transferred across the O/W interface formed at the inner surface of the long tube. Thus, rapid and precise coulometric determination of ions (including K + , Ca
2+
, Mg
, actinide and lanthanide ions, etc.) could be performed. [12] [13] [14] In this study, we have focused attention on the possibility for the O/W-type flow cell to separate ions by electrochemical control. This possibility has only been attempted by Kasuno et al., 14 who constructed a two-step flow-cell system in view of applications to clinical samples. In order to remove interference caused by a large amount of Na + (present at ~140 mM in blood serum), the 1st flow cell was used to remove Na + , and the 2nd one for determining Ca 2+ . In this study, we tried to apply a similar two-step flow-cell system to the on-line electrochemical separation of acetylcholine (Ach + ) and choline (Chl + ) and their simultaneous determination. Ach + and Chl + are important neurotransmitters in both peripheral and central nervous systems in many organisms, including humans. Previously, Senda et al. 15, 16 proposed a voltammetric method for the in vivo monitoring of Ach + using a micro O/W interface. However, the ion-transfer potentials of Ach + and Chl + at a nitrobenzene (NB)/W interface were different by only 60 mV (as shown below). Therefore, it is not easy to determine these ions simultaneously by voltammetric techniques using a conventional electrolytic cell.
Experimental

Reagents and chemicals
Acetylcholine chloride (AchCl; >99%) and choline chlolide (ChlCl; >95%) were products of Wako Pure Chemical Industries, Ltd. The concentrations of aqueous stock solutions of AchCl and ChlCl were determined by potentiometric titration with a standard silver nitrate solution.
Tetrapentylammonium tetraphenylborate (TPnATPB) was prepared by a previous method. 17 Tetrapentylammonium chloride (TPnACl) was a product of Tokyo Kasei Kogyo Co. Ltd., and was used as received. Analytical-grade nitrobenzene (NB) as an O-phase solvent was purified by shaking with active alumina overnight. The other reagents were of analytical grade. Figure 1 shows the scheme of the two-step flow cell system, which comprises a syringe pump (World Precision Instruments, SP100i), a sample injector (Rheodyne, Model 7125 with a 50-μL loop), and two flow cells for the separation and detection of Ach + and Chl + . The upstream flow cell used for separation was prepared by using a 50-cm long porous PTFE tube (1.0-mm inner diameter, POREFLON TM tube, Sumitomo Electric Fine Polymer, Inc.), whereas the downstream cell used for detection was prepared using a shorter (i.e., 20-cm) tube. The reason for using the shorter tube was to prevent an increase of the inner pressure in the separation cell, which may lead to liquid leaking from the tube. A silver wire (0.8-mm diameter; purity 99.99%) coated with AgCl by pre-electrolysis was inserted into the respective PTFE tubes to form a flow channel of 100-μm thickness inside the tubes. Each PTFE tube was coiled with the aid of a platinum wire, as shown in Fig. 1 . As described previously, 18 the prepared two PTFE tubes with Ag/AgCl wires were connected to the flow system with thermo-shrinkable tubes, and then washed by forcing purified water into the tubes, and successively treated in acetone under ultrasonic conditions until the white tubes became transparent (these treatments were also conducted after the measurements were finished). The pretreated PTFE tubes were then moved to NB solutions containing 0.02 M TPnATPB (supporting electrolyte) in two large and small glass bottles. By forcing an aqueous solution containing 0.05 M MgCl2 (supporting electrolyte) into the flow system using a syringe pump (usually at 6 mL h -1 ), a polarizable O/W interface could be prepared at the inner surface of the porous PTFE tube in each flow cell. The Galvani potential difference (D O W f) of the respective O/W interface was controlled by means of two potentiostats (Hokuto Denko Co., HA1010 mM1A), which were equipped with a positive feedback circuit for IR compensation. 19 In the respective flow cell, the platinum wire was employed as a counter electrode, and the reference electrode was an O/W-type one, i.e., a Ag/AgCl/4 mM TPnACl + 20 mM MgSO4 (W) electrode immersed in the NB phase. The potential regulation for the separation cell was performed by means of a programmable function generator (Hokuto Denko, HB-305), while the amperometric determination of Ach + and Chl + with the detection cell was performed by using a computer-assisted data-acquisition system. Figure 2 shows steady-state voltammograms obtained by forcing an aqueous solution of (a) 1.0 mM Ach + or (b) 1.0 mM Chl + into the separation cell at a constant flow rate (6 mL h -1 ). Each voltammogram was corrected for the background current obtained in the absence of Ach + and Chl + . As can be seen in the figure, both Ach + and Chl + gave well-defined sigmoidal voltammograms for their interfacial transfer from the mobile W phase to the O phase. Provided that complete electrolysis was accomplished, the limiting current, Il, of the voltammogram should be proportional to the concentration, c, of Ach + or Chl + in the mobile W phase;
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where z is the charge of the transferring ion (here, z = +1), F the Faraday constant, and f the flow rate. As can be seen in Fig. 2 , the Il values for both ions were almost identical, and also showed that the electrolysis efficiency estimated using Eq. (1) was just about 100%, i.e., 99.9 ± 2.8 and 101.3 ± 1.8% for Ach + or Chl + , respectively. It was thus ascertained that complete electrolysis could be achieved with the separation cell at f = 6 mL h -1 . We would like to add that similar steady-state voltammograms as in Fig. 2 were obtained for the transfer of Ach + and Chl + using the detection cell with a shorter (20 cm) PTFE tube, although the electrolysis efficiency was somewhat below 100% (i.e., 89.7 ± 1.8 and 90.5 ± 3.1% for the respective ions).
The voltammograms shown in Fig. 2 also indicate that the half-wave potentials of Ach + and Chl + were 316 and 377 mV, respectively. The difference was only about 60 mV. This result Fig. 1 (A) Scheme of the two-step flow cell system and (B) the cross section of the porous PTFE tube with a Ag/AgCl wire electrode inside. P, Syringe pump; SI, sample injector; T, porous PTFE tube with a Ag/AgCl wire electrode inside; WE, working electrode; CE, platinum counter electrode; RE, reference electrode; W, waste; PS, potentiostat; G, programmable function generator; PC, personal computer. Because the porous PTFE tube is hydrophobic, the O/W interface is formed at the inner surface of the PTFE tube in each flow cell. corresponds well to the literature, 20 in which the standard ion-transfer potentials of the respective ions were reported to be 0.049 and 0.117 V (the difference being 68 mV). The relatively small difference in the ion-transfer potential suggests that it should be difficult to determine Ach + and Chl + simultaneously using conventional voltammetric methods with a disk-shaped O/W interface.
On-line electrochemical separation and determination of ions
In the beginning, we explored the possibility to separate Ach + and Chl + chromatographically by applying a fixed potential to the separation cell. Unfortunately, we could not retard elution of the ions significantly, even by using different applied potentials (data not shown). This may be due to the relatively large thickness (100 μm) of the flow channel. For such a thick flow channel, it would take much time for the transferring ion to diffuse and cross the O/W interface. Under these conditions, it is unlikely that the ion concentration in the flow channel becomes zero rapidly. This would result in inhibiting a back transfer of the ion to the mobile aqueous phase. Thus, we failed to achieve a chromatographic separation of ions with the present flow electrolytic cell. However, we found that by manipulating the applied potential to the separation cell, Ach + and Chl + could be effectively separated and determined simultaneously. Figure 3 shows the representative current responses recorded by the detection cell. Referring to the voltammograms shown in Fig. 2 , we set the applied potential at 450 mV for the detection cell, so that both Ach + and Chl + could be detected efficiently. In the example of Fig. 3 , a sample solution containing 0.05 M MgCl2 and the indicated concentrations of Ach + and Chl + was injected into the flow system at t = 0.5 min (denoted by an asterisk). In the initial stage for t < 8 min, the potential applied to the separation cell was kept constant at 400 mV, so that almost all amounts of Ach + injected into the mobile W phase could be transferred to the O phase, and simultaneously the amount of Chl + transferred to the O phase became as small as possible (cf. Fig. 2 ). The first current peak observed at around t = 6 min could be regarded as being due to Chl + ions that were not trapped by the separation cell, because the peak area was hardly affected by the concentration of Ach + . In the next stage for t > 8 min, the potential applied to the separation cell was changed to 240 mV, where the ions, once trapped in the separation cell should be released back to the mobile W phase. The second current peak observed at around t = 11 min was found to be due to both Ach + and Chl + , since the peak area was affected not only by the concentration of Ach + , but also by that of Chl + . Thus, there were two contributions to the second peak: one was from the Ach + ions that were released from the separation cell by the potential change, and the other was from a certain fraction of Chl + ions that were once trapped at 400 mV and then released at 240 mV. We then estimated the electric quantities for the first and second peaks (denoted by Q1 and Q2, respectively) with the help of a commercial software package, PeakFit Ver. 4.12 for Windows (SeaSolve Software Inc.), and assumed that Q1 and Q2 were given by
and
The coefficients (a1, c1, a2, b2, and c2) in these equations were determined by measuring Q1 ], which were calculated by using Eqs. (4) and (5) , are also given in Table 1 . The deviations of the calculated concentrations from the added ones were within ~10%, indicating that the present flow system is promising for electrochemical flow separation of ions.
However, for the application to chromatographic separation of ions, the present flow system has a problem as it stands. The above-determined coefficient b2 (= 1.231) showed that only 28% of the Ach + ions once trapped in the separation cell could be released back to the mobile W phase for being detected by the second cell (with the electrolysis efficiency of 90.5%). This suggested that a considerable fraction (ca. 70%) of the ions transferred across the O/W interface in the separation cell did cross the PTFE tube membrane and diffused away into the bulk O phase. This situation seems to have been caused by the relatively long electrolysis time required for most of the ions in the flow channel to diffuse to the O/W interface. If the thickness of the flow channel (100 μm for the present flow cell) could be reduced much more (e.g., to 10 μm or less), the above problem of irreversible transfer of ions could be prevented. Gelation of the O phase by polyvinyl chloride (PVC) etc. or the use of a highly viscous organic solvent, such as o-nitrophenyloctylether (NPOE), may be effective for preventing the problem. 21 If these improvements are to be realized, an electrochromatographic separation of ions will also be achieved. Further studies are currently in progress.
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